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ABSTRACT 

Confined binary vortex flow fields have been proposed as gaseous- 
fuel-retention devices for gas-core nuclear reactors. Several such flows 
have been evaluated in this investigation by measuring the mass flow 
rate of heavy gas discharging from the vortex tube. Hydrogen and 
nitrogen were used to generate the vortex flow fields and Freon-13 
was used for the heavy gas. An infrared photometer operating at a 
wavelength of approximately 8.3 P was developed and used to measure 
the transient decay of the discharge rate of Freon after an abrupt cutoff 
of Freon inlet flow. From these measurements the average residence 
time of the Freon particles in several vortex-tube configurations for 
several mass flow rates of Freon and hydrogen or nitrogen were deter- 
mined. The conclusion reached from the results of this investigation 
was that these particular vortex flow fields do not retain significantly 
more Freon than would be contained in the same device and under 
the same conditions of pressure and temperature if no diffusion occurred 
between the light and heavy species. 

1. INTRODUCTION 

The maximum potential of a nuclear reactor as a direct 
source of energy for a rocket motor can only be realized 
if a means can be found to transfer the energy to the 
propellant at very high temperatures. This requirement 
places severe limitations on the technique used to confine 
the nuclear fuel while the propellant gas flows through 
the reactor. The simplest technique is one in which the 
propellant gas flows over fuel-loaded graphite plates, but 
the performance of this system is limited by the tem- 
perature limitations of the plates. Several concepts 
to overcome this limitation have been suggested in the 
literature. These concepts generally fall into three cate- 
gories: those in which a gaseous fuel is separated from 
the propellant by transparent walls through which the 
energy is transferred by thermal radiation; those in which 

a liquified or gaseous fuel is prevented from mixing with 
the propellant by centrifugal or electromagnetic forces 
or inertia and the energy is transferred by thermal radi- 
ation and conduction; and those in which a gaseous fuel 
and propellant are first mixed together, then separated 
by a centrifugal force field after the energy has been 
transferred by particle collisions between the fission frag- 
ments and the propellant molecules. 

An example of the latter category, designated as a 
gaseous-vortex reactor, is presented and partially anal- 
yzed in Ref. 1 and is shown schematically in Fig. 1. The 
gaseous-vortex-reactor concept takes advantage of the 
strong radial pressure gradient generated by a vortex- 
type %ow to induce diffusion between the light gaseous 

1 
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Fig. 1. Schematic of gaseous-vortex-reactor concept 

propellant and the much heavier gaseous fuel. This 
process theoretically results in a concentration of fuel 
within an annular region of small radial increment. Con- 
ceptually, the propellant gas migrates radially inward 
through the hot, dense, annular cloud of fissioning fuel 
and then flows axially out through a hole in the center 
of one end wall. In this gaseous-vortex-reactor concept 
two requirements are placed on the gas-dynamic flow 
field. 

First, the vortex must retain a mass of gaseous fuel 
equivalent to a critical mass inside the reactor while 
allowing the propellant gas (Le., hydrogen) to flow 
through the reactor. In Ref. 1, average gaseous-fuel 
densities of the order of particles/cc in a vortex 
tube of volume 0.01 ft,' and propellant flow rates of the 
order of lo-' lbm/sec per foot of vortex-tube length were 
used in the performance analysis. This gaseous-fuel 
retention must be accomplished with an acceptably low 
gaseous-fuel loss rate. In order to decrease this loss and 
still maintain the required mass of fuel inside the vortex 
tube, the average residence time of the fuel particles must 
be increased. This average residence time relative to 
the residence time one would expect if no diffusion were 
occurring between the two species is used to evaluate 
the various vortex flow fields investigated. Note that if 
no diffusion were occurring, the gaseous-fuel residence 
time would be equal to that of the average propellant 
particle. Hence, the evaluation is based on the ratio of 
the average residence time of the heavy particles to the 
average residence time of the light particles. The gaseous- 
fuel loss rate has been considered in detail with respect 
to biological hazards, system performance, and economics 
in Ref. 2. 

The second requirement imposed on the gas-dynamic 
flow field is that it must restrict most of the fuel to an 
annular cloud located some distance from the cylindrical 
wall of the tube to reduce the heat-transfer load on 

this wall. In addition, the radial pressure gradient must 
prevent the fuel from being convected into the core of 
the vortex flow field where high axial velocities are ex- 
pected to occur, 

Measurements of the spatial distribution of a gas with 
a relatively high molecular weight in a binary vortex flow 
have been reported in Ref. 3 and 4. These measurements 
qualitatively confirm the theoretical prediction that an 
annular cloud or region in which the gaseous-fuel density 
is greater than that at the periphery and center of the 
axisymmetric flow can exist in a binary vortex. However, 
these measurements show the maximum heavy-gas (high 
molecular weight) density to be of the same order of 
magnitude as the peripheral density, whereas the gaseous- 
vortex-reactor concept requires the maximum density to 
be several orders of magnitude greater than that at the 
periphery. One possible reason for these discouraging 
results is that the probes used to sample the binary mix- 
ture to determine the radial distribution of the heavy 
gas disturbed the flow to the extent of reducing the maxi- 
mum gas density in the cloud. 

Questions concerning the detailed effect of such probes 
on rotating flows are difficult to resolve; therefore, an 
independent experimental means of evaluating vortex 
tubes as gas-separating devices was sought. The tech- 
nique used here was designed to qualitatively measure 
the total mass of heavy gas retained in the vortex tube 
used for the detailed measurements reported in Ref. 4 
for various flow rates of Freon-13 and hydrogen or nitro- 
gen. From these measurements the average residence 
time of the heavy-gas particles in the vortex tube has 
been deduced. A second purpose was to find a config- 
uration and/or set of flow conditions that would retain 
orders-of-magnitude more heavy gas than could be ex- 
pected if no separation were occurring. 

The technique employed an optical probe to monitor 
the flow of the heavy gas, Freon-13 (chlorotrifluoro- 
methane), leaving the vortex tube. The total retained 
mass was then determined by integrating the Freon flow 
rate as a function of time starting from the instant the 
Freon flow into the vortex tube was abruptly stopped. 
Both hydrogen and nitrogen were used as the propel- 
lant-simulating gas, with the flow rates ranging from 
3.95 X lo-" to 4.93 X lo-' lbm/sec for hydrogen and from 
1.41 X 10-2 to 1.02 x 10-1 lbmlsec for nitrogen. The 
Freon-13 flow rate was varied between 1.52 X lo-' and 
3.94 X lo-" lbm/sec. Three basically different configura- 
tions were used, including the configuration used to make 
the detailed probing measurements reported in Ref. 4. 
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The Freon was premixed with the hydrogen or nitrogen 
and the mixture then injected into the vortex tube or 

pure Freon was injected directly into the vortex chamber 
at the center of the closed end wall. 

II, APPARATUS 

A. Vortex Tubes and Fluid-Supply Systems a steady, homogeneous flow in a constant-area rectangular 
duct 2.00 in. wide and 1.50 in. deep. The basic vortex tube, configuration (a), used for these - 

experiments consisted of two concentric cylindrical steel 
tubes held together at both ends by flanges (Fig. 2). The 
annular space between the tubes served as a manifold 
that supplied. the high-pressure gas or binary gas mixture 
to each of the 804 driving jet tubes. These jet tubes were 
fabricated of 0.062-in.-O.D. by 0.007-in.-I.D. stainless- 
steel tubing cut into 0.W-in. lengths and cemented into 
holes drilled through the wall of the inner tube. The 
overall effect of this arrangement was to have 0.007-in.- 
diam. jets arranged in a helix and tangent to a circle 
whose diameter was 92% of the inner-tube I.D. The helix 
contained six equally spaced jets per cycle and had a 
pitch of 0.180 in. This pattern of jets covered the entire 
inner cylindrical surface of the basic vortex tube, which 
was 24.14 in. long and 4.50 in. in diameter. 

The mass flow rate of the hydrogen or nitrogen gas 
being continuously supplied to the vortex-tube manifold 
was measured with a choked venturi located in the supply 
line approximately 3 f t  upstream of the manifold. The 
Freon-13 gas, obtained from a cylinder of liquified 
Freon-13 immersed in a water bath and held at approxi- 
mately 100OF, was for most of the experiments injected 
into the hydrogen or nitrogen at the throat of a second 
venturi located in the manifold supply line downstream 
of the choked venturi and 16-in. upstream of the vortex- 
tube manifold. For several experiments, however, the 
Freon was injected directly into the vortex tube at the 
center of one end wall. In both Freon-injection schemes 
the mass flow rate was measured with one of three 
rotameters, depending on the value selected for the 
experiment. The flow was started and stopped with an 
electrical solenoid valve located at the point of injection. 

The discharge of the vortex tube left through a nozzle 
located at the center of one end wall. This nozzle had 
a convergent contour radius and throat radius of 0.31 in. 
and a divergent expansion cone of 45-deg half-angle. 
The fluid then passed through a diffuser designed to 
reduce the swirl component of the velocity and to provide 

The second configuration used in this investigation, 
designated as configuration (b), is shown in Fig. 3. In 
configuration (b), the flow leaving the vortex tube through 
the end-wall nozzle was split into two coaxial streams by 
inserting a sharp-edged tube into the vortex through the 
nozzle throat with the edge extending 0.25 in. beyond 
the end-wall inner surface. The fluid exhausting through 
this 0.45-in.-I.D. tube was allowed to flow through the 
diffuser and constant-area duct. The remaining fluid, 
leaving the vortex tube through the annulus between 
the tube O.D. and the nozzle throat, was accumulated 
in a manifold and from there reinjected into the vortex 
at the center of the closed end wall. To accomplish this 
reinjection with as little disturbance to the vortex flow 
as possible, an injector that imparted a swirl to the in- 
jected fluid was used. The deflection of a tuft glued to 
the inner wall of this bypass system was taken as an 
indication that a flow existed between the exit orifice 
and the closed-end-wall injector. 

The third configuration tested, configuration (c), was 
the same as configuration (b) except that a 4.50-in.-I.D. 
tube was inserted between and concentric with the basic 
vortex tube and the closed end wall, as shown in Fig. 4. 
This was done to increase the effective length of the 
vortex tube so that the reinjection binary mixture would 
have a longer path, and, hence, more time to lose its 
Freon. However, no means were provided for injecting 
fluid into the vortex through the cylindrical wall of this 
extension tube. 

In addition to the three configurations described above, 
configuration (a) was used with two b d e s  installed 
inside the vortex chamber. These bafflles were made of 
0.75in. aluminum angle, 24.0 in. long, and held firmly 
against the cylindrical wall at diametrically opposite 
points. In effect these baffles were like two fences, each 
protruding radially into the flow for approximately 0.75 in. 
over the entire length of the vortex tube, and were used 
to greatly reduce the swirl component of the flow. 

3 
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Fig. 5. Schematic of infrared photometer 

B. Instrumentation 

Copper-Constantan bare-wire thermocouples were used 
to measure the fluid temperature at the following four 
points: 15 in. upstream of the choked venturi, in the vortex 
tube manifold, the constant-area exhaust duct, and the 
discharge side of the Freon rotameters. Laboratory-type 
bourdon-tube pressure gauges were used to measure the 
stagnation pressure 15 in. upstream of the choked venturi, 
the manifold pressure, the cylindrical-wall static pres- 
sure, the centerline pressure at the closed end wall, the by- 
pass system pressure for configurations (b) and (c), the 
diffuser pressure, and the Freon rotameter pressure. The 
static pressure in the constant-area exhaust duct was 
measured with an oil manometer. 

An infrared photometer was developed and used to 
determine the Freon density, as a function of time, in the 
constant-area exhaust duct. A detailed description of 
the photometer and its associated electronics is given in 
Ref. 5. This photometer, shown schematically in Fig. 5, 
consisted of a ceramic infrared source, a collimating 
mirror, a rotary chopper that modulated the infrared 
beam at a frequency of 2-30 cps, a narrow-band-pass 
optical interference filter, a focusing lens, and a solid- 
state detector. All transmitting optical elements were 
made of Irtran I1 and the detector was a Philco GPC 
201A gold-doped germanium type with a 2.0-mm-sq. 
germanium flake that was cooled with liquid nitrogen. 

At room temperature and a pressure of the order of 
1 cm Hg abs or less, the first strong absorption band for 
Freon-13 is centered at a wavelength of approximately 
8 . 3 ~ .  Thereiore, in or6er to optimize the semitivity of 

the photometer to changes in Freon partial pressure, an 
optical filter, which isolated a narrow band centered at 
approximately 8.3p, was selected. A typical transmittance 
spectrum of Freon-13 and the transmittance spectrum of 
the optical filter used in this instrument are shown in 
Fig. 6. Since the filter transmittance band and Freon 
absorption band are not precisely centered at the same 
wavelength, as is shown in Fig. 6, it was necessary to 
rotate the filter so that the infrared beam would enter 
the element at an angle of 60 deg. Doing so shifted the 
filter transmittance band to a slightly lower wavelength. 

The infrared-detector signal amplification system con- 
sisted of a high-gain, low-noise, band-pass amplifier, 
which amplified the modulation components of the 
infrared-detector output signal. This was followed by a 
synchronous demodulator, amplifier, and low-pass filter, 
which produced the electrical signal proportional to the 
infrared radiation incident on the detector. An attenuated, 
filtered output with a nominal signal level of +m to 
+40 mv and a band pass of 1 cps was then fed to a 
strip-chart recorder that had a chart speed of 1.0 in./sec. 
A signal indicating the position of the Freon-controlling 
solenoid valve was also recorded on this same strip chart. 

In addition to being recorded as a function of time, 
the infrared-detector output was integrated with respect 
to time. This was done by first adding the attenuated 
signal to a variable bucking voltage and then feeding 
this sum into a voltage-to-frequency (V-F) converter 
(Dymec, Model 2211BR). The bucking voltage was ad- 
justed before each experiment so that the V-F converter 
. ~.,,lc! ln.. see zera vo!ts ..&en there was no Freon in the 
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Fig. 7. Photometer calibration data 

exhaust tube. The output of the V-F converter had a 
frequency proportional to the original infrared-detector 
output; hence by counting cycles with a computing 
digital indicator (Dymec, Model DY-2500), the time 
integral of the infrared-detector output was obtained. 
The computing digital indicator gate and the solenoid 
valve controlling the Freon flow into the experiment were 

wired together so that the counter gate would open the 
instant the Freon flow was stopped. 

The photometer was calibrated with the aid of an 
absorption cell containing pure Freon-13 at room tem- 
perature and at various known pressures ranging from 
0 to 1 cm Hg abs. This Calibration cell duplicated, ap- 
proximately, the optical path length of the constant-area 
exhaust duct and had Irtran I1 windows identical with 
those installed in the exhaust duct. An oil-filled micro- 
manometer was used to measure the cell pressure. The 
calibration data are shown in Fig. 7 as a plot of the 
detector-output difference I ,  - Z normalized with respect 
to the output corresponding to zero Freon pressure or 
1 - (Z;Zo) vs Freon density PH. The Freon density was 
computed from the largest term in the equation of state 
for Freon-13 given in Ref. 6. For Freon pressures less than 
25 cm Hg abs, the error involved in neglecting the re- 
maining terms is less than 0.5% The approximate equation 
of state used was 

(1) 
P 
T p H  = 9.737- 

The deviation of the calibration data from the Beer- 
Lambert law for light absorption (also shown in Fig. 7) 
is probably due to the particular shape of the optical 
filter and Freon transmittance spectra. 

111. TESTS 

A typical experiment began by first establishing the 
steady-state flow of hydrogen or nitrogen through 
the vortex tube. This was done by opening a pneumatic 
valve in the supply line and increasing the pressure in 
the system, by adjusting two regulators in series, until the 
desired cylindrical-wall static pressure was reached. This 
pressure was measured at the closed end of the vortex 
tube. The solenoid valve controlling the Freon flow was 
then opened and the desired flow rate established by 
adjusting a needle valve located on the upstream side 
of the solenoid valve. After setting the needle valve, the 
Freon flow was momentarily shut off and all electrical 
and pneumatic functions checked for level and steadiness. 
Then the Freon 00w was turned on again and aii pres- 

sures, temperatures, the infrared-detector output, and 
the Freon flow rate were recorded during this period of 
steady-state operation. Also, since the Freon-controlling 
solenoid valve was open, the computing digital indicator 
gate was automatically closed and the register could be 
cleared and set to zero. The solenoid valve was then 
closed and after all traces of Freon had been purged, 
as evidenced by the infrared-detector output, the comput- 
ing digital indicator gate was closed. In this manner a 
complete time trace of the Freon density in the exhaust 
tube, starting from several seconds before the Freon was 
turned on and ending several seconds after all Freon had 
been purged, was obtained. Also, the number locked in 
the computing digital indicatoi iegistcr was recorded. 

9 
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IV. RESULTS 

TWO typical examples of the amplified infrared-detector 
output vs time traces are shown in Fig. 8 and 9. Both 
of these results were obtained in configuration (a) with a 
cylindrical-wall pressure p ,  of 29.1 psia and a Freon-13 
mass flow rate lit, of approximately 0.0012 lbm/sec. In 
Fig. 8 hydrogen was used as the principal species with 
a mass flow rate litL of 0.0145 lbm/sec, while to obtain 
the results of Fig. 9, nitrogen was used with rhL = 0.0577 
lbm/sec. The initial overshoot of the detector output to 
values below steady state, which is evident in both Fig. 8 
and 9, occurred at  all conditions except for a few experi- 
ments made at  high Freon and hydrogen or nitrogen flow 
rates. However, it appears that this overshoot has no 
connection with the rotational flow field since it also 
occurred when the baffles were installed in configura- 
tion (a). Hence, it is believed that the overshoot was 
caused by some dynamic characteristic of the Freon- 
injection system. 

Although the steady-state Freon flow rate was approxi- 
mately the same in the experiments of Fig. 8 and 9, the 
Freon density in the exhaust duct is higher for the 
nitrogen flow, as indicated by the lower steady-state 
infrared-detector output. This is due to the lower exhaust 
velocity that is characteristic of the nitrogen flow. By 
assuming that the two species have the same mean ex- 
haust velocity in the duct (no diffusion) and the same 
temperature, the Freon density in the duct, obtained 
from the continuity equations and perfect gas equation 
of state, can be written as 

However, since the ratio of gas constants R / / / R L  is 0.019 
and 0.268 for hydrogen and nitrogen, respectively, and 
the ratio of mass flow rates &/m,, was nominally less 
than 0.1, the following approximation can be used for 
the Freon density in the exhaust duct: 

The fluid pressure p d  and temperature T d  in the exhaust 
duct were approximately constant and equal to ambient 
conditions for all experiments; therefore, the steady-state 

Freon density and hence the detector output depend 
mainly on the molecular weight and mass flow rate of 
the principal species and on the Freon mass flow rate. 

The results obtained from the several experiments 
made at various Freon and hydrogen or nitrogen mass 
flow rates in the five vortex-tube configurations are listed 
in Tables 1 through 5, The measured fluid pressures and 
temperatures and the mass flow rates calculated from 
the choked venturi and rotameter data characterize the 
flow field. The time history of the Freon density in 
the exhaust duct is characterized by the relative infrared- 
detector output at the initial overshoot I,,, !,,/ I , ,  and dur- 
ing steady-state operation Z,vt/Z,,, where I , ,  is the detector 
output under conditions of zero Freon density in the ex- 
haust duct. To characterize the transient behavior of the 
detector output after the Freon injection is stopped, 
the dead time 1 and time constant t' were used and 
are tabulated along with the computing digital indi- 
cator output 4, which is proportional to the integral 
J [l - (Z/Z,,)] dt. The dead time and time constant are 
defined in Fig. 10. The repeatability of 8 was found to 
be within approximately kl% when 8 was greater than 
10' and within approximately lrt5% when 4 was less 
than 10'. 

From the data listed in Tables 1 through 5, an approxi- 
mation of the mass of Freon m,, retained in the vortex 
tube (including the manifold and diffuser) during steady- 
state operation was calculated for each run and is also 
listed in Tables 1 through 5. This retained mass can be 
obtained by integrating the Freon mass flow rate leaving 
the vortex tube as a function of time, starting at the 
instant t ,  that the Freon injection into the device had 
been stopped and ending at t, when all the Freon had 
been purged from the system; hence 

t? 

m,, = ( &dt 
J t 1  

(3) 

Equation (2) provides an approximate expression for the 
Freon mass flow rate in terms of the Freon density, which 
is measured by the photometer, and quantities that are 
constant during an experiment. The Freon density is 
related to the infrared-detector output through the cali- 
bration curve of Fig. 7. However, a linear relationship 
between the Freon density and the detector output func- 
tion 1 - (Z/Z0) was assumed so that the electronic integral 
8 could be used as a measure of the integral in Eq. (3). 

1 0  
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Fig. 10. Definition of dead time and time constant 

The error involved in this assumption is computed, ap- 
proximately, in the Appendix and shown to be less than 
10% for all but five experiments. The error for runs 3, 6, 
and 9 of Table 4 is approximately 14%; 22% for run 11 of 
Table 4; and 39% for run 12 of Table 4. The relationship 
used was 

= Co (1 - Z/Zo) (4) 

and the constant of proportionality was taken as the ratio 
of the Freon density to the detector output function under 
steady-state operation: 

(5)  

By combining Eq. (2) through (5), an approximate expres- 
sion for the mass of retained Freon in terms of the meas- 
ured quantities is 

The constant C, is the scale factor relating the computing 
digital indicator output 8 (a nondimensional number) 
with the time integral of the transient detector output 

This scale factor was determined by integrating seven 
selected time traces of the detector output between t ,  
and tl' with a planimeter and dividing by the correspond- 
ing value of &'. The average value of C ,  obtained in 

this way was 1.81 X 
average was found to be approximately 23%. 

sec and the deviation from this 

In order to evaluate the vortex-tube configurations as 
mass-retention devices, the ratio of mH to the approximate 
Freon mass that would be contained if no diffusion oc- 
curred, [ m H ] ~ L H = y  was computed and is listed in Tables 
1 through 5. The contained mass is given by the integral 
of the Freon density over the entire volume of the device. 
By assuming that no df i s ion  occurs, the density ratio 
p H / p L  can be taken as constant throughout the flow field 
and equal to the measured mass flow ratio &/&. 
Therefore 

(7) 

To evaluate the integral in Eq. (7), the flow was assumed 
to be isothermal with a temperature equal to that meas- 
ured in the exhaust duct, T d .  Based on the radial tem- 
perature distribution measured in a similar vortex flow 
field (reported in Ref. 7), this assumption leads to an 
error of the order of 1% in the calculation of [ ? n H ] D L H = o .  

Also, because the Freon mass flow rate is nominally less 
than 10% of the light-gas mass flow rate, the light-gas 
partial pressure is approximately equal to the total or 
measured pressure in the various parts of the system. 
Therefore, by adopting these approximations and using 
the equation of state for the light gas, the integral in 
Eq. (7) can be written as 

r 1 

The average pressure in the vortex tube proper p,, was 
obtained by graphically integrating the radial static- 
pressure distributions measured on the closed end wall 
of configuration (a). For these pressure measurements the 
diffuser and exhaust duct were absent and the end wall 
had a simple 0.625-in.-diam. hole at its center, with the 
fluid, nitrogen, discharging directly into the atmosphere. 
Details of these end-wall pressure measurements are &- 
cussed in Ref. 8. The normalized average static pressures 
p,./pl0 are shown as a function of the cylindrical-wall static 
pressure put in Fig. 11. Values of p". were obtained from 
Fig. 11 for the results given in Tables 1, 2, 4, and 5. The 
average pressure in configurations (b) and (c) (Tables 4 
and 5 )  must be higher than that given in Fig. 11 because 
of the difference in configuration, but the resulting error 
in the computed mass [mH]DLH=o is believed to be in- 
significant. For the results shown in Table 3 (codgura- 
tim (a) with bafles!; Fr was taken as the average between 
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Configuration (a) 

Configuralion (a) with end 
wall Freon iniection 

, 

Manifold volume, V ,  265 in? 
Vortex tube volume, V,  = 384 in." 
Diffuser volume, V d i f J  = 52 in.' 

Vortex tube volume, v, = 384 in? 
Diffuser volume, V,i , f f  = 52 in? 

t 080 

ti 
Z 075.  
,AA 

z CYLINDRICAL-WALL STATIC PRESSURE pv, psi0 

Configuration (b) 

Configuration (c) 
Fig. 11 .  Mean static pressure in compressible 

vortex flow fields 

Manifold volume, V, 265 in.' 
Vortex tube volume, V,, = 384 in." 
Bypass system volume, Vby = 176 in.' 
Diffuser volume, V d , f f  = 52 in.' 

Manifold volume, V ,  = 265 in.' 
Vortex tube volume, V ,  = 766 in.' 
Bypass system volume, Vby = 243 in.' 
Diffuser volume, V, i8 f f  = 52 in.' 

p, ,  and p c ,  The internal volume of each chamber of the 
configurations, calculated from the nominal dimensions, 
is listed in Table 6, where Vd represents the total volume 
of diffuser, mixer, and constant-area duct out to the center 
of the Irtran windows. 

Run 

1 

3 

1 1  

14 

8 

The mass-retention time T is here defined as the mass 
of heavy gas retained in the vortex during steady-state 
operation divided by the steady-state heavy-gas mass 
flow rate, or 

Ret. (h - hi) A I :: man 
Table sec sec Ibm 

1 27.53 3.80 0.00366 

1 28.05 9.71 0.0152 

1 23.97 5.25 0.0568 

1 28.31 18.0 0.0458 

4 25.58 8.19 0.0297 (9) 

An approximation of this mass-retention time was cal- 
culated for each run listed in Tables l through 5, by 
dividing Eq. (6) by the steady-state Freon mass flow rate. 
Note that the mass ratio ml, / [ml / ] , )LH=[l  listed in Tables 1 
through 5 is equal to the ratio T/ [ T ]  I )Ll ,  = ,). 

The mass of Freon injected into the hydrogen flow 
during an entire run, mHin,  was computed for several 
runs by assuming that the Freon mass flow rate reached 
the steady-state level at t,,, the instant the Freon-control 
valve was turned on, and that it dropped to zero at  t,, the 
instant the valve was closed; hence 

Table 6. Internal volume of the various apparatus parts 

Manifold volume, 
Vortex tube volume, 

V ,  = 265 in.' 
V ,  = 365 in.' 

V r , i f  = 52 in.a I Diffuser volume, 

Configuration (a) with 
baffles 

Table 7. Computed total injected and exhausted 
Freon mass for five selected runs 

mtt i,,/mtI ,,, 

0.81 2 

0.922 

0.982 

0.885 

0.958 

This injected mass is compared in Table 7 with the total 
Freon mass mHOUt that was exhausted from the vortex tube 
during the same run. The total exhausted mass was com- 
puted from an expression similar to Eq. (6), the difference 
being that the integration of the detector output function 
was made over the total time span of the run; hence 

These integrals were obtained graphically from time 
traces, such as those shown in Fig. 8 and 9, and are listed 
in Table 7 as A I :;. 
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V. DISCUSSION 

The primary objective of this investigation was to 
qualitatively determine the extent to which a strong 
vortex-type %ow could increase the residence time of a 
high-molecular-weight gas relative to that of a second 
gas of much lower molecular weight in particular vortex- 
tube configurations. The flow of light gas tends to sweep 
the heavy gas out and, in principle, the radial pressure 
gradient, generated by the vortex-type flow, must prevent 
this by causing the heavy gas to diffuse away from the 
exhaust hole. A measure of the effectiveness of the vortex 
to retain a heavy gas was obtained by measuring the 
mass of Freon-13 retained in a vortex flow field of hydro- 
gen or nitrogen gas and comparing this mass with what 
would be contained in the same device and under the same 
conditions of pressure and temperature if no diffusion 
occurred. The ratio mH/[mH],LH=O of retained mass to the 
contained mass if no diffusion occurred is given in Table 1 
for the same configuration that was used to make de- 
tailed internal measurements of the radial and axial 
distributions of Freon-to-hydrogen and Freon-to-nitrogen 
mass-density ratios reported in Ref. 4. The retention time 
T given in Table 1 can be interpreted as the time it takes 
for a mass of heavy gas equal to the retained mass to 
leak out of the device. As the mass ratio m ~ / [ m ~ ] ~ ~ ~ = ,  

is equal to the ratio of retention times T/[T],,,=,, this ratio 
can be interpreted as the average residence time of a 
heavy-gas particle relative to the average residence time of 
that same particle if no diffusion occurred. For the Freon- 
hydrogen experiments, the retained mass, or average 
residence time, is approximately 10 to 38% greater than 
that expected if no diffusion occurred. Part and possibly 
all of this apparent excess mass or residence time can be 
attributed to the assumption that the Freon density in 
the exhaust duct is a linear function of the infrared- 
detector output function [see Eq. (4) and the Appendix]. 
The important conclusion to be drawn from these results 
is that vortex-tube configuration (a) does not sigdcantly 
increase the average residence time of the heavy gas for 
the flow rates and pressure levels used in this investiga- 
tion. This result reinforces the following conclusion drawn 
from the detailed measurements of the density-ratio dis- 
tributions of Ref. 4 (an example of which is shown in 
Fig. 12): “Although the vortex-type flows that have been 
generated in the laboratory do affect the binary mixture 
in a way that is qualitatively predictable by a two- 
dimensional laminar theory, the effect is merely a per- 
turbation of the homogeneous mixture and not the 
orders-of-magnitude alteration required by the gaseous- 
vortex-reactor concept.” 

mL = 0 0165 Ibm/sec 
r i  = 2 25 in 

5 0 01 02 03 04  0 5  0 6  07 08 09 I O  
I 

RADIUS RATIO, r/r, 

Fig. 12. Radial distribution of the heavy-gas to 

a 

light-gas mass-density ratio 

The result that the mass ratio mH/[mHIDLH=, obtained 
for the Freon-nitrogen runs was greater than the cor- 
responding runs made with Freon-hydrogen is again 
probably due to the error incurred when a linear relation- 
ship between Freon density and detector output function 
was assumed. The error in this case is larger because the 
Freon densities are higher than in the hydrogen runs 
(see Appendix). 

As previously stated, the retention time T can be 
interpreted as the time it takes for a mass of heavy gas 
equal to the retained mass to leak out of the device; 
hence, T is equal to the average residence time for the 
heavy-gas particles. The gaseous-vortex-reactor concept 
requires a very large retention time if it is to be an eco- 
nomical system. For example, based on the parametric 
values assumed in the performance analysis of Ref. 1 
(page 61, Case 3 with a beryllium oxide moderator), a 
retention time of 155 sec and a retained gaseous-fuel 
mass of 1.26 X lbm per vortex tube (with a volume 
of 0.0103 ft3) were required. The retention times cal- 
culated for the experiments performed in the basic vortex 
tube [configuration (a)] are listed in Table 1 and are 
seen to be of the order of 1 sec for the hydrogen experi- 
ments and between approximately 3 and 4 sec for the 
nitrogen experiments. The relatively large difference be- 
tween the results for the nitrogen and hydrogen %ows 
is due mostly to the fact that the nitrogen flows through 
the device at a mich lower average velocity than does 
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the hydrogen. These low retention-time results are con- 
sistent with the conclusion that the diffusion rates gen- 
erated in these vortex flows are not sufficient to materially 
alter the binary mixture. 

One possible reason for the low values of retained mass, 
as determined by monitoring the heavy-gas mass flow 
rate out of the device after the heavy-gas valve is closed, 
is that part of the injected heavy gas might be trapped 
inside the vortex flow field. To check this possibility, the 
total mass of heavy gas injected into the vortex tube dur- 
ing an experiment was compared with the total mass 
exhausted from the tube during the same experiment, as 
determined from the photometer output. The ratio of 
injected to exhausted Freon mH ;~'rn, , ,~, , ,  was computed 
for five runs as shown in Table 7. The fact that the Freon 
mass exhausted from the vortex tube was found to be 
greater than that injected into the device is again due 
to the error incurred when a linear relationship between 
the Freon density and the infrared-detector output func- 
tion was assumed (see Appendix). If a large mass of Freon 
were trapped, this ratio would be greater than 1. Since 
the five selected runs are believed to be representative 
of the entire set of experiments, it is believed that little 
or no Freon was trapped in the experiments of this 
investigation. 

To evaluate the remaining configurations tested, the 
retention time T and relative average residence time 
T / [ T ] D ~ , ~ = ( )  were used, and are listed in Tables 2 through 5 
as T and m,/[mHl,L,=o. The data in Table 2 were 
obtained by injecting the Freon directly into configura- 
tion (a) through an orifice located at the center of the 
closed end wall. It was hoped that as this injected Freon 
flowed toward the exit hole it would be diffused radially 
outward to radii greater than that of the exit hole so 
that a part of this Freon would be retained in the vortex 
flow field. Detailed measurements of the Freon-to- 
hydrogen density ratio made in a similar configuration 
and reported in Ref. 4 indicate that the Freon does diffuse 
outward; however, the low relative residence times shown 
in Table 2 show that little or no Freon is retained by 
diffusion. Hence, one can conclude that the diffusion 
rates generated by these vortex flows are too small to 
have a significant effect on the average residence time. 
The fact that the retention times measured with end-wall 
injection are smaller than the corresponding ones mea- 
sured with premixed fluids (Table l) is due to the absence 
of Freon in the vortex-tube manifold and at  the larger 
radii in the vortex tube proper when the Freon is injected 
at the end wall. The retention time computed for run 4, 

Table 2, is considerably larger than the rest; this is due, 
it is believed, to an error in the computing digital indi- 
cator output. 

The data obtained with the baffies installed in con- 
figuration (a) are shown in Table 3. The effectiveness of 
the baffles to reduce the rotational mode of the flow field 
is demonstrated by the small difference between the 
cylindrical wall pressure p,,. and the centerline pressure 
p ( . .  The relative average residence times computed for 
this configuration are approximately the same as those 
in Table 1. This is a further indication that the vortex 
generated in configuration (a) does not retain a significant 
amount of Freon through the process of binary diffusion. 

The detailed measurements of the distribution of the 
mass-density ratio of heavy gas to light gas reported in 
Ref. 4 (an example of which is shown in Fig. 12) suggest 
that the binary mixture in the exit orifice of the vortex 
tube is rich in heavy gas near the periphery and lean 
near the center. For this reason configuration (b) was 
built, in which the exhausting jet was split into two con- 
centric streams. The center stream was allowed to exhaust 
from the device through the diffuser and constant-area 
duct, while the peripheral stream was ducted back to the 
closed end of the vortex tube and the binary mixture 
reinjected into the vortex flow field at the center of the 
closed end wall. The injector imparted some swirl to 
this fluid in order to minimize its impact on the primary 
vortex flow. It was believed that as the reinjected fluid 
spiraled along the centerline toward the exit hole, some 
of the Freon would be diffused radially outward and the 
mass of Freon retained in the device would increase. 
The computed relative average residence times of the 
heavy gas in configuration (b), listed in Table 4, are 
approximately equal to the corresponding times obtained 
for the basic vortex tube (Table 1). However, because 
of the larger volume of the bypass system of configura- 
tion (b), the retention times for this configuration are 
slightly greater than those of configuration (a). Compari- 
son of Tables 1 and 4 also shows that the light-gas mass 
flow rate hL in configuration (b) is approximately one-half 
that in configuration (a) for the same wall pressure ptc. 
This is due to the fact that the effective exit-hole diameter 
in configuration (b) is smaller than in configuration (.). 

The data obtained from configuration (c) (Fig. 4) are 
given in Table 5, in which the computed relative average 
residence times are again approximately equal to those 
of configuration (b), and the retention times T less than 
those of configuration (b). The reduced retention time 
is probably caused by the increased light-gas mass flow 

1 8  



0 

JPL TECHNICAL REPORT NO. 32-864 

rate necessary to achieve the same wall pressure attained 
in configuration (b). Apparently the extension tube greatly 
increased the capacity of the boundary layer on the closed 
end wall for shunting fluid radially inward, thereby 

greatly reducing the relative vortex strength. To reduce 
the shunting effect the extension tube should have driv- 
ing jets similar to those used for injecting the light gas 
into the vortex tube proper. 

VI. CONCLUSION 

The mass of Freon-13 retained in a binary compressible 
vortex flow field has been measured in several vortex-tube 
configurations and for several mass flow rates of Freon 
and hydrogen or nitrogen. The primary vortex-tube con- 
figuration used was the same as that used in a previous 
investigation in which measurements were made of the 
radial and axial distributions of the mass-density ratio 
of heavy gas to light gas (Ref. 4). It is concluded from 
the results of the present investigation that the average 

residence time of the Freon particles and the mass of 
Freon retained by all the configurations tested are approxi- 
mately the same as they would be if no difEwion occurred 
in these flows. This conclusion is consistent with the 
results of Ref. 4, which show that the binary mixture is 
affected by the radial pressure gradient, but that this 
effect is merely a perturbation of the otherwise homo- 
geneous mixture and not the orders-of-magnitude altera- 
tion required by the gaseous-vortex-reactor concept. 

NOMENCLATURE 

A I :: value of [ 1 - (Z/Zo)] dt, obtained Lot’ 
graphically, sec 

and [ 1 - (Z/Z,)], lbm/ft3 
C, constant of proportionality between p H  

scale factor relating B to C, 
I:: [1 - ( Z / Z O ) l &  Sec 

D,H binary diffusion coefficient, ft2/sec 

e integrator error, % 

Z amplified infrared-detector output, mv 

I ,  amplified infrared-detector output for 
zero Freon density, mv 

Z,,,in amplified infrared-detector output for 
maximum Freon density, mv 

infrared-detector output function [l - (Z/Z,)] 

4 computing digital indicator output 

I 

m 

m 

P 

Pr  
- 

E 

P 

dead time, sec, or path length, f t  

mass, lbm 

mass flow rate, lbm/sec 

static pressure, 1bf/h2 

mean static pressure in vortex tube 
proper, lbf/in.’ 

radial coordinate, f t  

gas constant, ft-lbf/lbm OR 

temperature, OR 

time, sec 

time constant, sec 

volume, in.3, or tangential velocity, ft/sec 

absorption coefficient, ft*/lbm 

mass density, !bm/€t3 
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N O M E N C L A T U R E  (Cont'd) 

maximum deviation from linear distribu- 

T retention time and average residence 

C 

d 

diff 

H 

tion, Ibm/ft{ 

time, defined by Eq. (9), sec 

Subscripts 

0 conditions at instant Freon valve is 
opened 

1 

4 

conditions at instant Freon valve is closed 

conditions at instant all Freon is purged 
from system 

by refers to bypass system of configurations 
(b) and (c) 

in 

L 

rn 

out 

st 

V 

W 

centerline 

refers to constant-area duct 

refers to diffuser 

heavy gas (Freon-13) 

quantity injected into device 

light gas (hydrogen or nitrogen) 

manifold 

quantity exhausted from device 

steady-state conditions 

vortex tube proper 

cylindrical wall of vortex tube proper 
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APPENDIX 
Integrator Error Analysis 

TO calculate the mass of Freon-13 retained in a vortex 
tube, the time integral of the Freon density in the exhaust 
stream is required. An approximation of this integral was 
obtained in this investigation by electronically integrating 
the infrared-detector output function with respect to time. 

An error is incurred in doing this because the Freon 
density and detector output function are not linearly 
related. 

The calibration curve (Fig. 7) will be approximated for 
this analysis by a linear term plus a correction, or 

The error is defined as 

where 

Also, for this analysis, the transient distribution of the 
infrared-detector output function between t ,  and t,, as 
shown in Fig. 8 and 9, will be approximated by a linear 
distribution, or 

By performing the indicated integrations in Eq. (13) with 
substitutions from Eq. (12) and (14) letting tl = 0, we get 
for the integrating error 

The maximum deviation from the assumed linear cali- 
bration curve, ApH, was graphically determined from 
Fig. 7 as a function of pHat and these data were used to 
compute the approximate integrating error incurred for 

22 

each p H a t .  The error distribution is shown in Fig. A-1. The 
error is negative because the assumed linear relationship 
between the Freon density and the detector output func- 
tion results in an over-estimation of the retained Freon 
mass. The ratio of heavy-gas mass flow to light-gas mass 
flow corresponding to the steady-state Freon density in 
the exhaust duct, shown in Fig. A-1, was computed from 
Eq. (2) using p d  = 14.1 psia, Td = 53OoR, and R,, = 766.8 
ft lbf/lbm O R .  Note that for most hydrogen-Freon experi- 
ments the mass-flow ratio was less than 0.1; hence the 
integrating error was probably of the order of 10% or less. 

MASS FLOW RATIO, h ~ / h ~  

STEADY -STATE FREON DENSITY pH,, X IO3, I bm/f t 3  

Fig. A-1. Results of integrator error analysis 
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